TR-700 (torezolid), the active moiety of the novel oxazolidinone phosphate prodrug TR-701, is highly potent against gram-positive pathogens, including strains resistant to linezolid (LZD). Here we investigated the potential of Staphylococcus aureus strains ATCC 29213 (methicillin-susceptible S. aureus [MSSA]) and ATCC 33591 (methicillin-resistant S. aureus [MRSA]) to develop resistance to TR-700. The spontaneous frequencies of mutation of MSSA 29213 and MRSA 33591 resulting in reduced susceptibility to TR-700 at 2؋ the MIC were 1.1 ؋ 10 ؊10 and 1.9 ؋ 10 ؊10 , respectively. These values are ϳ16-fold lower than the corresponding LZD spontaneous mutation frequencies of both strains. Following 30 serial passages in the presence of TR-700, the MIC for MSSA 29213 remained constant (0.5 g/ml) while increasing eightfold (0.25 to 2.0 g/ml) for MRSA 33591. Serial passage of MSSA 29213 and MRSA 33591 in LZD resulted in 64-and 32-fold increases in LZD resistance (2 to 128 g/ml and 1 to 32 g/ml, respectively). Domain V 23S rRNA gene mutations (Escherichia coli numbering) found in TR-700-selected mutants included T2500A and a novel coupled T2571C/G2576T mutation, while LZD-selected mutants included G2447T, T2500A, and G2576T. We also identified mutations correlating with decreased susceptibility to TR-700 and LZD in the rplC and rplD genes, encoding the 50S ribosomal proteins L3 and L4, respectively. L3 mutations included Gly152Asp, Gly155Arg, Gly155Arg/ Met169Leu, and ⌬Phe127-His146. The only L4 mutation detected was Lys68Gln. TR-700 maintained a fourfold or greater potency advantage over LZD against all strains with ribosomal mutations. These data bring to light a variety of novel and less-characterized mutations associated with S. aureus resistance to oxazolidinones and demonstrate the low resistance potential of torezolid.
Staphylococcus aureus infections pose a serious health threat worldwide. Increasing antibiotic resistance and the prevalence of methicillin (meticillin)-resistant S. aureus (MRSA) in clinical settings have created a demand for novel therapeutic agents. Linezolid (LZD) has a broad spectrum of activity against a variety of gram-positive pathogens, including MRSA, and was the first oxazolidinone antibiotic to gain FDA approval (1) . LZD acts through inhibition of protein synthesis via binding to the peptidyl transferase center (PTC) of the 50S ribosomal subunit (37, 65, 68) . Despite in vitro studies demonstrating a low resistance potential for LZD (31, 79) , soon after its approval in 2000, LZD-resistant (LZD r ) MRSA (72) and LZD r , vancomycin (VAN)-resistant enterococci (22) emerged in the clinic. Although rare, resistance has most commonly occurred in patients undergoing long-term LZD therapy (10, 17, 22, 45, 72, 74) . Three classes of oxazolidinone resistance mechanisms have been previously characterized: mutations in the domain V region of 23S rRNA genes (69) , acquisition of the ribosomal methyltransferase gene cfr (43) , and mutations in the rplD gene encoding the 50S ribosomal protein L4 (76) .
A variety of 23S rRNA mutations conferring resistance to LZD in S. aureus have been identified, including C2192T (26) , G2447T (69) , T2500A (45) , A2503G (39) , T2504C (39) , G2505A (50) , G2766T (38) , and G2576T (72) (Escherichia coli numbering), the most common mutation observed clinically. To date, T2500A and G2576T are the only 23S rRNA mutations that have been documented in clinical S. aureus isolates. 23S rRNA-mediated resistance occurs in a gene dose-dependent fashion, with higher copy numbers of 23S mutant alleles associated with increased resistance (5, 38, 66, 78) . Despite evidence of fitness costs associated with some 23S rRNA mutations (5, 8, 44) , highly LZD r 23S rRNA homozygous mutant strains of S. aureus (72) , Staphylococcus epidermidis (71) , and Enterococcus faecalis (60) have been recovered clinically.
A second mechanism of LZD resistance has been identified in staphylococci possessing cfr, a gene encoding a ribosomal methyltransferase (32, 70) which catalyzes methylation at position 8 of nucleotide A2503 in the 23S rRNA domain V region (21) . Cfr methylation confers resistance to five classes of 50S ribosomal subunit-targeted antibiotics defined by the PhLOPS A phenotype, including phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A (43) . Recent outbreaks of LZD r staphylococci possessing the transposon-and plasmid-associated cfr methyltransferase (11, 16a, 32, 46, 47, 70) are particularly problematic due to the potential for rapid gene transfer between strains of both human and animal origins, driven by the use of antibiotics in any of the classes to which resistance is conferred.
The third and least common class of LZD resistance in-volves mutations in ribosomal protein L4, which have been associated with reduced LZD susceptibility in streptococci (19, 76) . L4 interacts closely with the PTC, and mutations are thought to confer antibiotic resistance by perturbing 23S rRNA structure (23) .
Despite the characterization of these three primary resistance classes, there have been a number of reports describing LZD r staphylococci, streptococci, enterococci, and mycobacteria of clinical (28, 29, 58) and laboratory (12, 25, 40, 57, 62) origins possessing "unknown" resistance mechanisms. A recent report documents mutations in an endogenous ribosomal methyltransferase (modifying G2445) and altered efflux via upregulation of ABC transporters linked to LZD resistance (19) . Such mutations may account for the resistance phenotype of some of the undefined LZD r strains previously observed. Increasing incidences of clinical resistance to LZD and the potential for rapid horizontal dissemination of cfr have contributed to the demand for expanded-spectrum oxazolidinones (4) such as TR-700 (torezolid), the active antibacterial moiety of the prodrug TR-701 (torezolid phosphate) ( Fig. 1) (64) . TR-700 demonstrates 4-to 16-fold greater potency than LZD against LZD s and LZD r strains (30, 38, 64) . Notably, TR-700 has been shown to be 16-fold more active than LZD against S. aureus Cfr strains (64) . Molecular modeling suggests that this is likely due to the smaller size of the hydroxymethyl group compared to the acetamide group of LZD, as well as additional C and D ring interactions with the PTC, allowing TR-700 to bind in the presence of the methylated A2503 base (64) . Enhanced PTC binding properties are also thought to contribute to its potency advantage over LZD and may translate into lower frequencies of resistance (64) . Preliminary reports suggested that resistance to TR-700 is very low (13, 30) , although further work to characterize the frequency of resistance and resistance mechanisms was warranted.
In this study, we investigated the potential for two S. aureus strains to develop resistance to TR-700 and LZD through serial passage and analysis of spontaneous mutation frequencies. Underlying resistance mechanisms were elucidated by sequencing of genes encoding 23S rRNA and ribosomal proteins L3, L4, and L22. Mutations were analyzed structurally by using LZD-bound 50S ribosomal subunit crystallographic data.
( Antimicrobial agents. Solutions of TR-700 (torezolid; Trius Therapeutics, Inc., San Diego, CA), LZD (ChemPacific Corp., Baltimore, MD), VAN (SigmaAldrich Corp., St. Louis, MO), chloramphenicol (CHL; Sigma-Aldrich Corp., St. Louis, MO), and tiamulin (TIA; Wako Pure Chemical Industries, Ltd., Richmond, VA) were freshly prepared prior to use in MIC assays or selective medium.
MIC testing. MIC assays were performed via broth microdilution in accordance with CLSI guidelines (14) , and values were determined visually by detection with Alamar Blue (Invitrogen Corp., Carlsbad, CA) as previously described (2) .
Amplification and sequencing of ribosomal genes. Chromosomal DNA was isolated from S. aureus via lysostaphin (Sigma-Aldrich Corp., St. Louis, MO) digestion and concentration (DNA Clean and Concentrator-5 kit; Zymo Research, Orange, CA). PCR (Platinum PCR SuperMix High Fidelity; Invitrogen Corp., Carlsbad, CA) was used to amplify each of the six S. aureus rrn operons (including the 5S, 16S, and 23S rRNA genes) as previously described (45, 53, 55) . The genes encoding PTC-associated ribosomal proteins L3 (rplC), L4 (rplD), and L22 (rplV) were amplified as a single amplicon (ϳ3.3 kb) with the flanking primer set rplCF/rplVR (Table 1) . PCR was performed with cycling parameters of 94°C for 45 s, 54°C for 45 s, and 72°C for 6.5 min for 35 cycles for rrn operons. The extension time was modified to 3.5 min for the rplC-rplD-rplV amplicon. PCR products were cleaned and concentrated (DNA Clean and Concentrator-5 kit; Zymo Research, Orange, CA) and sequenced (Retrogen Inc., San Diego, CA) with primers flanking the 23S rRNA domain V region (VdomainF) (53) and primers for individual ribosomal protein genes (rplCF, rplDF, and rplVF) ( Table 1) .
Spontaneous mutation frequency experiments. Large-format assay plates (245 by 245 mm; Corning, Corning, NY) were prepared with 200 ml MHA containing TR-700 or LZD at 2ϫ the MIC for the corresponding S. aureus strain. Mid-logphase cultures (optical density at 600 nm, ϳ0.8) were pelleted and resuspended in PBS to a concentration of ϳ2 ϫ 10 9 CFU/ml. From each culture, 5-ml aliquots were spread onto TR-700 and LZD MHA plates with sterile glass beads. Starting CFU were enumerated by triplicate plating of serial dilutions of the starting inocula in PBS. Plates were incubated at 37°C for 5 days. Putative mutant colonies with reduced susceptibility to TR-700 and LZD were confirmed by subculturing on MHA containing an equal amount of antibiotic prior to MIC and sequence analyses. Mutation frequency experiments were performed on 3 separate days with a total of 12 independent cultures for each strain. Spontaneous mutation frequencies were determined by dividing the number of resistant colonies on a given plate by the actual plated CFU. The mean and median frequencies were calculated. Mean mutation frequencies inherently include data FIG. 1. TR-700 and LZD chemical structures. from potential "jackpot" cultures where mutation events occur in an early growth phase and are subsequently overrepresented in the plated CFU. Additionally, mean frequencies exclude data from cultures producing no resistant colonies, for which actual values cannot be determined. Therefore, median mutation frequency values were used to calculate frequency ratios (LZD/TR-700) as a way to factor in these extreme data points without incurring their quantitative biases. Serial passage experiments. MHA antibiotic gradient plates (90 by 90 mm) were prepared as previously described (9) . Starting plates for both strains had maximal concentrations of 4 g/ml for TR-700 and 8 g/ml for LZD. Overnight S. aureus cultures were diluted in MHB to an optical density at 600 nm of ϳ0.6, and 100-l aliquots (ϳ1 ϫ 10 8 CFU) were spread onto TR-700 and LZD gradient plates with sterile glass beads. Following 48 h of incubation at 37°C, the leading edge of growth was sampled with a loop and subcultured into MHB without antibiotics. Overnight cultures were then diluted and plated as described for the initial passage, and additional aliquots were stored as Ϫ80°C glycerol stocks for MIC and sequence analyses. Gradient plate antibiotic concentrations were increased twofold once growth was observed at approximately half of the plate distance (ϳ45 mm).
Structural analysis of ribosomal mutations. Proposed structural effects of the ribosomal mutations in this study were deduced by using the coordinates of the Deinococcus radiodurans and Haloarcula marismortui LZD-bound 50S ribosomal subunit crystal structures (Protein Data Bank accession codes 3DLL and 3CPW) (27, 73) . Sequence alignments showed that the regions of the 50S ribosomal subunit discussed in this study are highly conserved, so the structural rationales proposed would be expected to hold for S. aureus and other species. Structural figures were generated with PyMOL (16) by using the D. radiodurans coordinates.
RESULTS
Spontaneous mutations in S. aureus conferring reduced susceptibility to TR-700 are less frequent than those conferring reduced susceptibility to LZD. Large-format plating experiments were conducted to determine the frequency of spontaneous mutations conferring reduced susceptibility to TR-700 and LZD at 2ϫ the MIC. The median spontaneous frequencies of MSSA 29213 and MRSA 33591 mutation to reduced susceptibility to TR-700 were 1.1 ϫ 10 Ϫ10 and 1.9 ϫ 10 Ϫ10 , respectively (Table 2 ), in line with previous estimates in the range of 10 Ϫ10 to 10 Ϫ11 (13, 30) . These values are approximately 16-fold lower than the corresponding median frequencies of spontaneous mutation of both strains to reduced LZD susceptibility. The mean spontaneous mutation frequencies for reduced TR-700 and LZD susceptibility were 2.8 ϫ 10 Ϫ10 and 2.0 ϫ 10 Ϫ9 , respectively, for MSSA 29213 and 5.7 ϫ 10 Ϫ10 and 6.1 ϫ 10 Ϫ9 , respectively, for MRSA 33591. Unlike the median values (Table 2) , mean values are inherently biased toward "jackpot" cultures and do not factor in cultures producing no resistant colonies. Despite these limitations, the mean frequencies of mutation of MSSA 29213 and MRSA 33591 resulting in reduced susceptibility to TR-700 and LZD were significantly different (P Ͻ 0.001 and P Ͻ 0.05, respectively, two-tailed t test).
Spontaneous TR-700-and LZD-selected mutants possess changes in 23S rRNA and ribosomal protein L3. Sequence analysis was performed on a random subset of spontaneous mutants of both MSSA 29213 and MRSA 33591 that had been selected for decreased susceptibility to TR-700 and LZD. PCR products were amplified with appropriate primers (Table 1) to determine whether there were any changes in the domain V region of any of the six copies of the 23S rRNA genes or in rplC, rplD, and rplV genes encoding ribosomal proteins L3, L4, and L22, mutations in all of which have been implicated in resistance to various PTC-targeted antibiotics. MSSA 29213 mutants selected on TR-700 possessed T2500A 23S rRNA mutations, while mutants selected on LZD possessed either the G2447T or the T2500A mutation (Table 3) , both previously described in S. aureus (45, 69) .
S. aureus mutations in rplC were previously associated with decreased susceptibility to pleuromutilins, namely, TIA, but not to LZD (7, 20, 48) . The MIC data in Table 3 indicate that decreased susceptibility to oxazolidinones is also associated with changes in rplC in both MSSA strain 29213 and MRSA strain 33591. MSSA 29213 mutants possessed two novel L3 mutations: Gly155Arg/Met169Leu and ⌬Phe127-His146. Some of the MRSA 33591 mutants also possessed the novel ⌬Phe127-His146 mutation, while the previously described Gly155Arg mutation (35) was identified in others (Table 3) . Similar to previous studies (20) , we observed greater decreased susceptibility in MSSA 29213 mutants possessing coupled L3 mutations versus those possessing single L3 mutations. The TR-700-selected ⌬Phe127-His146 mutation involved a 60-bp deletion between two 6-bp repeats (TTTCCA) in rplC resulting in a 20-amino-acid deletion in L3. In mutants possessing rplC mutations, no mutations were identified in any of the 23S rRNA gene domain V regions, rplD, or rplV.
Serial passage of S. aureus in the presence of TR-700 results in smaller changes in oxazolidinone MICs than does serial passage with LZD. Serial passage on antibiotic gradient plates was used to access the potential of S. aureus to develop resistance upon prolonged exposure to TR-700 and LZD (Fig. 2) . Gradient plates were utilized instead of liquid medium in order to allow for selection of mutants with intermediate MICs, rather than limiting the selection of mutants to those able to grow at or above a fixed drug concentration. Following 30 serial passages of MSSA 29213, the TR-700 MIC remained unchanged at 0.5 g/ml, in sharp contrast to the parallel LZD serial passage experiment, where the MIC increased 64-fold, from 2 to 128 g/ml (Fig. 2) . For MRSA 33591, an eightfold increase was observed after 30 serial passages in TR-700 (0.25 to 2.0 g/ml), whereas a 32-fold higher MIC (1 g/ml to 32 g/ml) was observed after passage on LZD (Fig. 2) . These data are consistent with previous S. aureus LZD serial passage experiments which generated high levels of resistance (5, 52) .
Serial passage-derived mutants have changes in genes encoding the 23S rRNA and ribosomal proteins L3 and L4. Individual colonies from representative passages for each stepwise TR-700 and LZD MIC increase were analyzed for changes in the sequence of the domain V region of 23S rRNA genes, as well as the rplC, rplD, and rplV genes. After 30 serial passages in TR-700, the representative MSSA 29213 colonies tested showed no change in MIC and did not possess any mutations in any of the ribosomal genes sequenced ( Fig. 2 and Table 3 ). In contrast, mutants of MSSA 29213 with decreased susceptibility to LZD became apparent after passage 5 in LZD, with the first increase in the MIC of LZD (2 to 4 g/ml) associated with the L3 mutation Gly155Arg. Later serial passage MSSA 29213 mutants possessed G2447T 23S rRNA mutations or G2447T coupled with L3 Gly152Asp (Table 3) . MRSA 33591 serial passage mutants included L4 Lys68Gln and G2576T for LZD and a novel T25761C/G2576T 23S rRNA double mutation for TR-700 (Table 3) . No mutations were identified in the rplV gene encoding ribosomal protein L22 in either strain. Increased copy number of mutated 23S alleles is associated with decreased susceptibility to TR-700, LZD, and TIA. Previous studies have shown that an increased copy number of 23S rRNA mutations is correlated with higher levels of resistance to LZD in both S. aureus and enterococci (5, 38, 66, 78) . Isogenic MSSA 29213 strains with G2447T mutations in one or two copies of the 23S rRNA demonstrate this trend for TR-700 and LZD, as well as TIA, but not for CHL or VAN (Table 3 ). Starting at passage 14, we were unable to amplify one of the 23S rRNA alleles (rrn6) in LZD-passaged MSSA 29213 colonies. The potential loss of a 23S rRNA gene correlated with twofold TR-700, LZD, and TIA MIC increases compared to the mutant from passage 8 with two of six 23S rRNA gene copies mutated to G2447T, presumably due to an increase in the proportion of mutant ribosomes in the cell (45) . Additional twofold MIC increases resulted from another gene conversion event leading to three of five mutant copies of G2447T. A Gly152Asp L3 mutation appeared in passage 24 in conjunction with three of five mutant 23S rRNA gene copies of G2447T, resulting in further two-to fourfold MIC increases. Another G2447T gene conversion event in passage 29 resulted in four of five mutant alleles (in addition to the Gly152Asp L3 mutation) and was associated with marginal MIC increases. An independent Gly152Asp mutation was observed in laboratory-derived TIA r S. aureus associated with a twofold LZD MIC increase (4 to 8 g/ml) (35), supporting its association here with oxazolidinone-pleuromutilin cross-resistance.
Similar trends were observed for mutants from the MRSA 33591 LZD serial passage experiment carrying G2576T, where an increasing mutant allele copy number from one of six to four of six was associated with decreasing susceptibility to TR-700, LZD, and TIA, reaching a maximum of 8-to 32-fold changes versus the susceptible isogenic wild-type MRSA 33591 strain. A fourfold increase in the MIC of CHL (32 to 128 g/ml) was also observed for the four-of-six G2576T mutant (Table 3) , a finding consistent with previous CHL susceptibility testing of G2576T S. aureus mutants (5) . No cross-resistance between LZD and CHL was observed in MSSA 29213 G2447T mutants, consistent with previous observations of S. aureus G2447T mutants (51) .
A novel T2571C/G2576T double mutant was identified after serial passage 7 of MRSA 33591 in TR-700. Despite examining several colonies from earlier passages, we were unable to identify either a single-copy G2576T or T2571C mutant from the TR-700 serial passage experiment, presumably due to marginal changes in the TR-700 MIC resulting in a low frequency in the population. However, the data in Fig. 2 support the hypothesis that continued selection on TR-700 resulted in gene conversion of this dual mutation such that mutants with higher T2571C/G2576T allele copy numbers were identified in serial passages 21 and 29. These mutants were associated with further MIC increases. The three-of-six T2571C/G2576T mutant demonstrated 8-fold and 16-fold increases in the MICs of TR-700 and LZD (2 g/ml and 16 g/ml, respectively). Changes in TIA and CHL resistance were less pronounced than those in TR-700 and LZD resistance but similar to what was observed for the G2576T one-, two-, and three-copy mutants.
In MSSA 29213, two types of spontaneous mutants containing the 23S rRNA mutation T2500A were identified: those which had a single T2500A mutation (one of six) and those which were mutated in two of six alleles. The single mutant demonstrated a twofold increase in the MICs of TR-700 and LZD, whereas the double mutant showed a fourfold increase in the MICs of TR-700 and LZD and a twofold increase in the MICs of TIA and CHL (Table 3 ). These data also suggest a gene dosage effect.
TR-700-and LZD-selected mutations occur in close proximity to the oxazolidinone binding site of the PTC. Using the published coordinates of LZD bound to the H. marismortui and D. radiodurans 50S subunits (27, 73) , we evaluated the effect of mutations in 23S rRNA domain V and ribosomal proteins L3 and L4 (Fig. 3) . For the mutations that are novel, or for those not previously structurally rationalized, we propose hypotheses for their effects on oxazolidinone binding. Bases G2447 and U2500 both interact directly with the critical PTC base U2504, which is key to oxazolidinone binding. A detailed mechanistic review of G2447U and U2500A mutations has been previously reported (15) .
(i) 23S rRNA U2571C/G2576U mutation. The 50S subunit structures reveal that bases 2571 and 2513 of the 23S rRNA form a base pair that immediately precedes a conserved twobase mismatch (bases 2572 to 2573). This brief interruption in the helical structure positions A2572 in contact with U2504, a residue forming a significant portion of the LZD binding site (Fig. 4A) . The perturbation of U2504 by adjacent mutations has been reported to be a major mechanism of resistance to multiple classes of antibiotics that bind at the PTC (15) . We propose that the loss of base pairing in the U2571C mutant leads to an expansion of the mismatched region, resulting in either A2572 impinging on U2504, causing a deformation of the LZD binding site, or a loss of interactions due to the movement of U2504 away from the PTC. Consistent with the latter hypothesis, a structural role for A2572 in preventing U2504 from tilting away from the PTC has been described (15, 54) . The plausibility of both models is supported by the recent description of an A2572U mutation in Mycobacterium smegmatis that results in a twofold LZD MIC increase (42) . Although selected in the presence of a pleuromutilin, this mutant shows modest cross-resistance to LZD and demonstrates that perturbations of A2572 can influence the conformation of U2504 such that oxazolidinone binding is diminished.
Base G2576 interacts with U2506 and G2505, both of which form a critical portion of the PTC (27, 73) . Thus, the combination of U2571C and G2576U may be additive (or even synergistic) by impacting multiple adjacent residues involved in oxazolidinone binding (Fig. 4A) . This is consistent with the data in Table 3 that show a twofold difference in the MIC of TR-700 in the T2571C/G2576T versus the G2576T mutant when two or three copies of the mutant alleles are present. Together, these mutations would influence bases 2504 to 2506, which comprise the majority of contacts in the oxazolidinone binding site.
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(ii) Ribosomal protein L3 mutations. All of the L3 mutations identified in the present study cluster in a central extension of the L3 protein that approaches the PTC (Fig. 3) . The Gly152Asp and Gly155Arg mutations have been previously identified in the context of pleuromutilin resistance (20, 35, 48) . Given its proximity, Gly155Arg likely impacts the 2572-and-2573 conserved mismatch, disrupting U2504 in a manner similar to that described above for the U2571C mutation (Fig.  4B) . The Gly152Asp mutation, packing beneath another conserved mismatch (bases 2576 and 2577), probably reduces oxazolidinone affinity by indirect perturbation of bases 2505 and 2506, analogous to the G2576T mutation (Fig. 4B) . The ⌬Phe127-His146 mutation is particularly noteworthy, given the extensive set of interactions this portion of the L3 protein has with the 23S rRNA, including portions of the H73, H90, and H94 helices. The effect of this mutation may be due to the loss of a few key interactions in the vicinity of the other observed mutations or a gross disruption of tertiary structure. The Met169Leu mutation (observed only in conjunction with Gly155Arg) is more peripheral to the PTC than the other mutations, making a structural rationale for its effect speculative.
(iii) Ribosomal protein L4 Lys68Gln mutation. The tip of the extended region of L4 interacts with the 23S rRNA primarily through contacts with bases A2059 to G2061, stabilizing this key region of the PTC through charge neutralization and direct packing interactions in a manner typical for ribosomal protein extensions (33) . Specifically, Lys68 interacts with the sugar-phosphate backbone of A2059 and G2061, and together they form a pocket around A2503 (Fig. 4C) . The loss of the compensating charge of Lys68 in the Lys68Gln mutant would lead to a deformation of this pocket and a consequent movement of A2503 toward the PTC, impacting the binding of TIA, CHL, LZD, and TR-700, as is reflected by the observed twofold changes in the MIC (Table 3) . A2503 is the target of Cfr methylation (32) , so the Lys68Gln substitution likely affects an analogous mechanism of crowding the PTC, thereby reducing the affinity of multiple classes of antibiotics.
DISCUSSION
In this study, we show that spontaneous mutations conferring decreased susceptibility to TR-700 occur more than an order of magnitude less frequently than those conferring decreased susceptibility to LZD in strains MSSA 29213 and MRSA 33591, supporting preliminary studies that suggested a very low frequency of resistance to TR-700 (13, 30) . A recent   FIG. 3 . TR-700-and LZD-selected ribosomal mutations cluster near the bases that compose the oxazolidinone binding site. Base/residue change mutations are red, deletion mutations are pink, LZD is salmon, and the 23S rRNA backbone is orange. The solvent-accessible surfaces of L3 and L4 are blue and green, respectively. A2503 (purple), the site of Cfr methylation, and bases 2504 to 2506 (gray), key bases lining the PTC, are shown for reference. In the D. radiodurans structure used to generate this image and Fig. 4 , the U2571-A2513 base pair is a C ⅐ G base pair. The base pairing at this location is conserved across species, although the identity of the bases varies.
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study utilizing an inoculum of S. aureus of 2.2 ϫ 10 9 CFU obtained no growth on plates at 4ϫ, 6ϫ, and 8ϫ the MIC of TR-700 (30) . These data are consistent with our study given that the frequencies of spontaneous mutation to decreased susceptibility to TR-700 generated here were in the low 10
Ϫ10
range and that not all of the TR-700-selected spontaneous mutants demonstrated a greater-than-twofold MIC shift. Similarly, a previous study estimated the spontaneous LZD mutation frequency of S. aureus at Ͻ10
Ϫ9 following no observed growth after plating of 10 9 CFU on medium containing LZD at 2ϫ the MIC (31) . Based on the resistance levels observed in our single-step LZD-selected mutants, 2ϫ the MIC is an appropriate drug concentration; however, given LZD mutation frequencies in the low 10 Ϫ9 range (in addition to potential strain-to-strain variation and other assay variables), again, the number of CFU plated in that study was insufficient to capture mutation events. The large-format plating assay we employed enabled determination of frequencies of mutation to reduced LZD susceptibility consistent with previous studies where finite frequency values for LZD were generated (35, 62) .
Through serial passage experiments, we have shown that S. aureus has a very limited ability to develop decreased susceptibility to TR-700, consistent with a previous TR-700 serial passage study (30) . MSSA 29213 had no change in the TR-700 MIC over 30 passages. Interestingly, three different ribosomal mutations were observed in this strain in the spontaneous mutation frequency experiments with TR-700. While replicate serial passage data would be informative, this result could suggest that there are different selective pressures between these two experiments or that TR-700 has additional properties which limit the viability of resistant strains during prolonged drug exposure. Reduced susceptibility to TR-700 was eventually observed in MRSA 33591; however, this required 20 to 30 passages to achieve an MIC of 1 to 2 g/ml. Depending upon dosing, these antibiotic levels are likely to be clinically achievable.
In the TR-700 serial passage experiment, multiple mutations in 23S rRNA (T2571C/G2576T) were required for the initial stepwise MIC increase for MRSA 33591. This is in sharp contrast to LZD serial passage experiments, where several different single mutations were identified in both strains resulting in two-to fourfold changes in the LZD MIC within five to eight serial passages, including G2447T, G2576T, L3 Gly155Arg, or L4 Lys68Gln mutations. These results are consistent with literature reports showing increased resistance to LZD after five to nine serial passages (31, 49, 52) . Through serial passage with LZD, strains with an LZD MIC of Ն8 g/ml were obtained as early as passage 7 and continued to demonstrate higher levels of resistance over time with additional 23S rRNA gene conversion events and acquisition of L3 mutations, resulting in final MICs at passage 30 of 32 g/ml (MRSA 33951) and 128 g/ml (MSSA 29213).
Crystallographic studies of the 50S ribosomal subunit have shown that several ribosomal proteins contain extensions that approach 23S rRNA bases of the PTC. A critical subset of these proteins includes L3, L4, and L22 (3, 24) . Although they are not part of the PTC per se, it is likely that mutations of amino acid residues close to the PTC impact its conformation and stability due to modulation of second-and third-shell interactions. Typically, mutations in L4 have been implicated with macrolide resistance (23, 59, 75) ; however, deletion of L4 residues Lys68 and Gly69 in a clinical isolate of Streptococcus pneumoniae conferred reduced susceptibility to LZD (76) . Our isolation of a Lys68Gln mutant is the first report of an L4 mutation in S. aureus associated with resistance through selection with oxazolidinones. Further studies are needed to conclusively link this mutation to the observed increase in LZD resistance; however, a number of other documented L4 mutations involve alterations in amino acids in this region of the protein (18, 23, 56, 76) . Mutations in the rplC gene encoding ribosomal protein L3 were found in a large portion of the mutants selected in our spontaneous mutation frequency experiments. L3 also interacts closely with the PTC in the 50S subunit, and mutations in rplC have been implicated in resistance to the pleuromutilin TIA (6, 7). However, cross-resistance to oxazolidinones was not reported in the previously described Gly155Arg mutant (20, 48) , possibly due to strain differences. All of the L3 mutations identified in this study occur within the same region of L3 where established mutations conferring pleuromutilin resistance have been characterized (7, 20, 48, 54) . Individually, they lead to two-to fourfold changes in oxazolidinone and TIA MICs and appear to be additive in combination with the 23S rRNA G2447T mutation for resistance to both oxazolidinone and TIA. Given the prevalence of L3 mutations observed here, this class of mutation is certainly worth exploring in any of the numerous uncharacterized laboratory and clinical LZD r isolates previously reported. Directed mutagenesis and heterologous expression studies, however, are needed to conclusively link these mutations to oxazolidinone resistance.
The binding site for the oxazolidinones overlaps the binding sites of several other classes of PTC inhibitors, including the pleuromutilins and phenicols. For example, eperezolid and Rx-01 oxazolidinone compounds have been shown to compete with the binding of CHL (34, 37, 67) . Additionally, results of mutational analysis and rRNA footprinting are consistent with the observation of cross-resistance between oxazolidinones and pleuromutilins (36, 41, 63, 77) . In this study, cross-resistance to TIA was observed for all of the mutants where 2-to 32-fold changes in the MIC were observed. However, cross-resistance to CHL, as demonstrated by twoto fourfold changes, was only observed for the G2576T and T2571C/G2576T mutants and possibly L4 Lys68Gln and the 23S rRNA two-gene copy T2500A mutant. Similarly, not all L3 mutations confer cross-resistance to pleuromutilins and LZD, including E. coli mutations Arg141Ser, Arg149Ser, and Gly153Arg and S. aureus mutations Lys157Gln and Ser158Leu (48) .
Mutations selected on TR-700 with changes in 23S rRNA genes included T2500A and T2571C/G2576T, while LZDselected mutations in 23S rRNA genes included T2500A, G2447T, and G2576T. However, strains with multiple copies of these mutations demonstrated cross-resistance. MIC analysis of strains with a single 23S rRNA copy of any of these mutations showed that a single G2447T, T2500A, G2576T, or T2571C/G2576T mutation conferred a twofold or smaller increase in the MIC of TR-700 and a two-to fourfold increase in the MIC of LZD. Similarly, two copies of these alleles resulted in two-to fourfold versus four-to eightfold TR-700 and LZD MIC increases, respectively. These data are consistent with previous observations of single-copy and multicopy mutant 23S rRNA alleles in S. aureus (5, 38) and have important implications for the ability to select first-step mutations, as well as higher levels of resistance in the clinic.
While we are the first to report a coupled 23S rRNA mutation involving bases 2571 and 2576, there is a report of mutations in 2571, both independent (G2571C) and coupled (G2571C/A2503G), associated with LZD resistance in S. pneumoniae (12) . Others have reported antibiotic resistance mutations in adjacent and pairing bases. A dual 23S rRNA mutation involving C2055A/A2572T was characterized in TIA r Brachyspira (54) , and a serial passage-derived E. faecalis LZD r isolate possessed four unique 23S rRNA mutations, including G2576T, C2610G, G2512T, and G2513T (the corresponding base to T2571, which in E. faecalis is a G instead of a T) (57) . In the TR-700 serial passage experiment, we were unable to isolate a single-copy mutant possessing either the T2571C or the G2576T mutation alone, so we cannot speculate as to which came first, although it appears that the second mutation was rapidly selected.
Generation of a dual T2571C/G2576T 23S rRNA mutant occurred in TR-700-passaged MRSA 33591, while the same strain passaged in LZD developed the single G2576T mutation. This may be due to differences in the binding of TR-700 and LZD to the PTC region. The tetrazole ring extension on TR-700 is thought to add additional binding interactions with key PTC bases (such as U2585), which may help account for its 4-to 16-fold MIC advantage over LZD (64) . The projection of this ring may also necessitate greater perturbation of the PTC via additional and/or unique mutations that would not be required for resistance to LZD. Such increased disruption of the PTC may amplify fitness/resistance tradeoffs documented previously with other 23S rRNA (5, 8, 44) and L4 (76) mutations associated with LZD resistance. Future studies will examine the potential fitness costs associated with the oxazolidinone resistance mechanisms reported here.
Understanding the potential for and basis of antibiotic resistance is a critical component of drug development. Our investigation of such properties under selection with TR-700 in S. aureus failed to generate any mutants with MICs of Ͼ2 g/ml, whereas the same analyses performed with LZD produced a large number of mutants that would be considered clinically resistant (i.e., MICs of Ͼ4 g/ml). TR-700 demonstrated 4-to 16-fold greater potency than LZD against all of the ribosomal mutations documented here, including those specific to selection with TR-700. These data, coupled with the greater potency of TR-700 than LZD against gram-positive pathogens, including Cfr strains, support the continued clinical development of TR-701.
